Initiation of translation on poliovirus mRNA occurs by internal binding of ribosomes to a region within the 5'-noncoding portion of the mRNA. The mechanistic details and trans-acting factors involved in this event are not understood fully. We used a mobility-shift electrophoresis assay to identify a specific RNA-protein complex, which can form between an RNA fragment that contains nucleotides 559--624 of the poliovirus 5' UTR {untranslated region) and a component or components of a HeLa cell extract. Complex formation was reduced greatly in a reticulocyte lysate or a wheat-germ extract. A 52-kD polypeptide (p52) has been identified as part of the protein-RNA complex by use of an UV cross-linking assay. This polypeptide apparently is not a known translation initiation or elongation factor. The possible involvement of p52 in translation initiation of poliovirus protein synthesis is discussed.
in vivo and in vitro evidence has shown that ribosomes initiate translation on poliovirus mRNA by internal entry onto the S'-noncoding region, without scanning from the S' end of the mRNA (Pelletier and Sonenberg 1988, 19891 . Similar evidence has been presented for another picornavirus, encephalomyocarditis virus {Jang et al. 1988} .
The 5'-noncoding region of poliovirus mRNA contains [depending on the serotypel seven to eight AUG codons upstream of the initiator AUG. Mutational analysis of the seven upstream AUGs of poliovirus type 2 (Lansing strainl revealed that none of the AUGs, except for AUG-7, have any effect on virus replication (Pelletier et al. 1988c) . A mutation in AUG-7 (an A ~ U substitution at position 5881 resulted in a virus that had a small plaque phenotype, which indicated a positive role for the adenosine nucleotide of AUG-7 in poliovirus replication. Furthermore, Pelletier et al. (1988c) reported that in vitro-transcribed RNA, which contained the 5'-non- coding region of poliovirus with a mutation in Asss, translated eightfold less efficiently than wild-type RNA in extracts from poliovirus-infected HeLa cells. It was suggested that Asss constitutes part of a motif that is important for translation initiation of poliovirus. This is consistent with the perfect conservation among picornaviruses of an octamer sequence that contains Asss {Kuge and Nomoto 1987; Rivera et al. 1988 ). This region can be folded into a stable stem-loop structure that is conserved among enteroviruses and rhinoviruses (Rivera et al. 1988) . A sequence that spans nucleotides 567-627 of poliovirus type 1 {Mahoney strain) RNA has also been shown to be important for the translation of the viral mRNA in vitro (Bienkowska-Szewczyk and Ehrenfeld 1988}. This region is part of a larger segment that is hundreds of nucleotides long and that is required for cap-independent translation of poliovirus RNA. It has been crudely delimited to nucleotides 320-631 and has been termed RLP for ribosome landing pad {Pelletier et al. 1988a; Pelletier and Sonenberg 1988} or region P for protein synthesis (Trono et al. 1988a, b) .
On the basis of these reports, it is conceivable that ribosome binding could be facilitated by the action of trans-acting mRNA binding factors that confer specificity to the internal binding reaction. In this report, we describe the characterization of a 52-kD polypeptide (p52) from HeLa cells that interacts specifically with the poliovirus 5'-noncoding region that encompasses Asss.
Translation of poliovitus mRNA

Results
To characterize better the cap-independent translation of poliovirus mRNA, we wished to identify putative trans-acting factors that may be involved in the mediation of this phenomenon. Since the region that encompasses Asss (AUG-7) has been implicated in the cap-independent translation of poliovirus (Pelletier et al. 1988c ), we wanted to study its interaction with proteins. RNA was transcribed from chemically synthesized oligodeoxynucleotides that contained the T7 promoter {Milligan et al. 1987). We used two constructs, one that generated wild-type RNA that contained 68 nucleotides termed A(559-624) and a second oligodeoxynucleotide that generated an RNA species that harbored a point mutation whereby Asss was converted to Usss termed U(559-624). The oligodeoxynucleotide and the region within the poliovirus 5' UTR to which the transcribed RNA corresponds are shown schematically in Figure 1 .
RNA-protein complex formation with A(559-624) RNA
The RNAs produced by transcription with T7 RNA polymerase were purified by gel electrophoresis and used in a mobility-shift electrophoresis assay. HeLa cell S10 extracts were incubated with a2P-labeled A(559-624) RNA, treated with RNase T1, and analyzed on a lowionic-strength nondenaturing polyacrylamide gel. Formation of an RNA-protein complex was apparent ( Fig.  2A , lane 1, as compared to lane 11 without extract). A similar complex was detected if RNase T1 digestion was omitted, but a more pronounced background in the gel was noticed under these conditions (e.g., Figs. 3 and 4). When T1 digestion was used, we observed an enhancement of complex formation by several nucleotides. Addition of either hydrolyzable (GMP, GDP, and GTP; lanes 3-5) or nonhydrolyzable guanosine nucleoside phosphates (GMP-PCP; lane 7)stimulated complex formation {approximately fivefold). The addition of guanosine {lane 2) or the cap analog, mZGDP [lane 6)had little effect on complex formation, whereas ATP, CTP, and UTP {lanes 8-10) had some stimulatory effect on complex formation. Figure 2B demonstrates the titration of GTP into the binding reaction. Optimal complex formation was achieved with 2 mM GTP in the presence of 2 mM Mg 2+. These conditions were used in all further experiments. It is possible that the stimulatory effect of GTP and the other nucleotides was the result of their partial inhibition of RNase T1 activity {Irie 1964). Thus, addition of RNase T1 presumably caused some disruption of the specific complex in addition to elimination of nonspecific background.
Specificity of complex formation
To examine the RNA specificity for complex formation, we performed competition experiments with excess 3H-labeled A(559-624) RNA or a nonspecific competitor RNA that originated from the 5'-noncoding region of human c-myc {nucleotides 69-224 with respect to the P1 transcription start site; Bernard et al. 1983) . The resuits show that complex formation can be competed effectively with as little as a 20 molar excess of the specific A{559-624) RNA {Fig. 3, lane 2). Note that a complex that migrates slower than the major complex becomes apparent on competition and appears to be outcompeted less effectively than the major complex. A The nucleotide sequence of the oligodeoxynucleotides used as template for T7 RNA polymerase transcription is also shown. The right-angle arrow denotes the start of transcription. The first three G nucleotides in the RNA are not part of poliovirus 5' UTR, but were included to increase transcriptional efficiency (Milligan et al. 1987) . Asterisk (*) above the T denotes the position at which an adenosine was substituted for a thymidine to create the Usss mutant RNA-U(559-624).
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Complex formation with U(559-624) RNA
The functional significance of complex formation with A(559-624) RNA was tested by comparison with the mutant U(559-624) RNA. Complex formation was performed with three different concentrations of A(559-624) RNA (Fig. 4A , lanes 1-3}. When the same concentrations of U(559-624) RNA were used, complexes were formed to a lesser degree (threefold) than with wild-type RNA (lanes 4-6). This result is consistent with the findings that the virus that contained this mutation replicated inefficiently and that translation of the mutated m R N A was impaired (Pelletier et al. 1988c ). Thus, the complex observed by the mobility-shift electrophoresis assay is likely to reflect an early assembly step that precedes ribosome binding to poliovirus mRNA. (The migration of the complex is not consistent with that expected if it contained a 40S ribosome: also see below where complex formation can occur with the S-100 fraction). To rule out the possibility that such a mobility shift could be obtained with any RNA that contained an AUG triplet, we performed the assay with a poliovirus RNA fragment encompassed nucleotides 441-506 of poliovirus type 3 (Leon/37 strain), which contains two AUG codons. The results in Figure 4B show that this RNA did not form a complex with proteins in a HeLa cell extract. Figure 3 . Specificity of complex formation. Complex formation was carried out as described in Materials and methods (except that RNase T1 digestion was omitted) in the presence of competitors in the preincubation step: all-labeled poliovirus RNA fragment, A(559-624) (lanes 2--4), or myc RNA (nucleotide 69-224) (lanes 5-7) was used (top).
Identification of proteins that cross-link to A(559-624) RNA
To identify the proteins that interact with A(559-624) RNA, a2P-labeled RNA was incubated with HeLa cell S10 extract and then irradiated with UV light. This re- 
Translation of poliovirus mRNA p52 is the polypeptide that binds specifically to A(559-624) RNA
To determine whether p52 is present in the complex detected by the mobility-shift electrophoresis assay, we irradiated the reaction mixture that contained nucleoprotein complexes with UV light before or after analysis by the mobility-shift assay. Figure 6 , lane 1, shows the cross-linking of p52 and p 100 obtained by UV-irradiation in solution followed by SDS-PAGE analysis, as shown previously in Figure 5 . Figure 6 , lane 2, demonstrates the UV-cross-linked polypeptide that is associated with the nucleoprotein complex. Complexes were irradiated before mobility-shift electrophoresis analysis. The gel piece that contained the complex was excised and treated with nuclease, and the protein in the gel was subjected to electrophoresis on a SDS-polyacrylamide gel. Only p52 remained associated with the a2P-label after denaturing-gel analysis. Likewise, only p52 was UV cross-linked when irradiation was performed after resolution of the nucleoprotein complex by the mobilityshift assay {lane 31. UV irradiation was necessary to label p52 because the identical procedure without UV irradiation did not result in p52 cross-linking {lane 41. These results indicate that p52 binds specifically to the poliovirus RNA 5' UTR that encompasses nucleotides 559-624.
p52 is not a known translation factor
We considered the possibility that one of the known translation factors (initiation or elongation factors) might be p52. To examine this possibility, the mobilityshift electrophoresis assay was performed with purified sulted in the cross-linking of one major polypeptide of -5 2 kD and a minor polypeptide of 100 kD [indicated by arrow; Fig. 5, lane 1) . These polypeptides will be referred to throughout the text as p52 and pl00, respectively. To assess the specificity of the cross-linking reaction, we performed incubations in the presence of excess 3H-labeled poliovirus A(559-624) RNA. Cross-linking of A[559-624) RNA in the presence of a 100-fold molar excess of A{559-624) RNA resulted in a significant reduction {-50-foldl of p52 cross-linking, whereas crosslinking of pl00 was even increased (-40-fold, Fig. 5 ; cf. lane 2 to lane 1 ). These results suggest that the binding of p52 to A{559-624) RNA is specific, whereas that of pl00 is not. This possibility is supported further by the cross-linking pattern obtained with mutated U(559-624) RNA, which shows reduced cross-linking of p52 (2.5-fold), but increased (1.5-fold) labeling of pl00, relative to the A{559-624) RNA (cf. lane 3 to lane 11. Figure 6 . UV-induced cross-linking of proteins in the protein-RNA complex to a2P-labeled A(559-624) RNA. a2P-Labeled A(559-624) RNA was cross-linked to proteins in a HeLa cell S10 extract as described in Materials and methods (lane 1). a2p_ Labeled A(559-624) RNA cross-linked to proteins in a HeLa cell S 10 was subjected to mobility-shift gel electrophoresis, and the visualized complex was cut from the gel, treated as described in Materials and methods, and analyzed on a 10-15% SDS-polyacrylamide gel (lane 2). Alternatively, a2P-labeled A(559-624) RNA was incubated with HeLa cell S10 extract, and the nucleoprotein complex was resolved on a mobility-shift gel, UV-irradiated in situ, and then analyzed by SDS-PAGE (lane 3). Lane 4 is identical to lane 3 except that UV irradiation was omitted. translation initiation and elongation factors. Several of the translation factors did not form complexes with A(559-624) RNA. These included initiation factors eIF-4A, eIF-4F, and elongation factors EF-le~ and EF-2 (data not shown). Four initiation factors eIF-2, eIF-4B, eIF-4D, and eIF-5, formed complexes with A(559-624) RNA. However, these complexes migrated in a manner different from that of the major nucleoprotein complex obtained with HeLa cell S10 extract (Fig. 7) . Thus, none of the translation factors used here is similar to p52. Note that, although several purified initiation factors could form complexes with poliovirus RNA, no complexes of similar size formed in crude S 10 extract (except for a weak complex that comigrated with the eIF-4B-RNA complex; cf. lane 2 to lane 1). A possible explanation for this finding is that the affinity of p52 to A(559-624) RNA is higher than that of other factors. Alternatively, it is possible that other factors, for example eIF-4B, cooperate in p52 binding to the RNA.
Complex formation is inefficient in reticulocyte Iysate and wheat-germ extract
The region that encompasses Asss is important for internal binding of ribosomes to the 5'-noncoding region (Pelletier et al. 1988a; Pelletier and Sonenberg 1988) . Internal binding is efficient in HeLa cell extracts but not in a rabbit reticulocyte lysate (Pelletier and Sonenberg 1988) . Likewise, translation of poliovirus RNA is efficient in HeLa cell extract, but inefficient in reticulocyte lysate (Shih et al. 1978; Pelletier et al. 1988b ). The poliovirus RNA region that restricted translation in reticulocyte lysate was mapped to the 5' half of the 5'-noncoding region and was found to also restrict translation in a wheat-germ extract and Xenopus oocytes ). Thus, it is conceivable that the latter extracts lack a factor implicated in internal binding. Therefore, it was of interest to examine the levels of p 5 2 -R N A complexes in rabbit reticulocyte lysate and wheat-germ extract. A mobility-shift electrophoresis assay was performed with extracts from HeLa cells, rabbit reticulocytes, and wheat germ. In this experiment we also examined the distribution of p52 between a postribosomal fraction and ribosomal fraction in HeLa cell extracts. Figure 8 (lane 1) shows complex formation in HeLa cell S 10 extracts. Comparison between a postribosomal fraction (S100; lane 2) and a high-salt ribosomal wash fraction {RSW; lane 3) shows that most of the p52 is present in the postribosomal fraction. In reticulocyte lysate, a complex that migrated to a position similar to that of the HeLa cell complex was formed (lane 4). However, the amount of complex was considerably lower (-10-fold) compared to that of the HeLa cell extract (cf. lane 4 to lane 1). Another complex that migrated slower could be seen in both HeLa cell S 10 and reticulocyte lysate. This complex may have contained eIF-4B, as it comigrated with the eIF-4B-RNA complex (see Fig. 7 ). RNA-protein complex formation in the wheat-germ extract also was very inefficient (lane 5). These experi- ments were repeated with a wide range of concentrations of reticulocyte lysate and wheat-germ extract with similar results (data not shown). In addition, the mixing of HeLa cell S10 extract with wheat-germ and reticulocyte lysate did not cause inhibition of complex formation (data not shown). Thus, it appears that there are no inhibitors of complex formation in rabbit reticulocyte lysate and wheat-germ extract. These results are consistent with the notion that reticulocyte and wheat-germ extract are limiting in a factor required for internal binding of ribosomes to poliovirus mRNA.
Discussion
Previous results demonstrated that initiation of translation on poliovirus RNA occurs by internal binding of ribosomes to a region within the 5'-noncoding portion of the mRNA (Pelletier and Sonenberg 1988) . The experiments described here were performed in an attempt to gain an understanding of the mechanism by which this OCCURS.
The boundaries of the structural element {nucleotides 559-6241 used in this study were chosen to keep the RNA fragment relatively small {to achieve a good mobility shift) and to encompass Asss. We also used an RNA fragment that encompassed nucleotides 320-631 of the poliovirus 5' UTR and obtained a mobility shift with a HeLa cell S10 fraction. Preliminary experiments indicate that the RNA-protein complex formed with the 320-631 RNA fragment is larger than that formed with A(559-624) and may contain more than one protein (J. Pelletier, unpubl.) . There are several observations that point to the region between nucleotides 559 and 624 of the poliovirus RNA as being an important determinant for translation initiation of poliovirus RNA. First, deletion of part of this region in poliovirus type 1 (Mahoney stain) yields virus with a small-plaque phenotype (Kuge and Nomoto 1987) . Second, this region is part of a larger domain (from nucleotides 320 to 631) that is required for the cap-independent translation of poliovirus both in vivo and in vitro (Pelletier et al. 1988a; Sonenberg 1988, 1989; Trono et al. 1988b ). Third, it was reported that in an in vitro translation system that consisted of a rabbit reticulocyte lysate supplemented by a HeLa cell extract, a 60-nucleotide sequence from positions 567 to 627 in poliovirus type 1 (Mahoney strain) was important for efficient translation (Bienkowska-Szewczyk and Ehrenfeld 1988) . Finally, the mutation of an A at position 588 of poliovirus type 2 (Lansing strain) caused a small-plaque phenotype and reduced translational efficiency in HeLa cell-free extracts in vitro (Pelletier et al. 1988c) .
Previous reports (Pelletier et al. 1988c ; Pelletier and Sonenberg 1988) have postulated the possible existence of a trans-acting factor for internal binding of ribosomes to poliovirus mRNA. The 52-kD polypeptide identified in this report might be such a factor. This protein is present in limiting amounts in several translation systems such as rabbit reticulocyte lysate, wheat-germ extract (Fig. 8) , and Xenopus oocyte extract (K. Meero- ~1) of wheat-germ extract (W.G., lane 5) and processed as described in the Materials and methods section. HeLa S10 extract was fractionated according to Lee and Sonenberg (1982) . Rabbit reticulocyte lysate was obtained from Promega, and wheat-germ extract was prepared according to Roberts and Paterson (1973) . vitch, unpubl.I, but is present in greater amounts in HeLa cells (Figs. 1 and 81 and several other cell lines and K562; unpubl.) . Alternatively, it is possible that an additional factor required for p52 binding is present in HeLa cell extract, but limiting in other translation systems. These findings might explain the ability of mRNA that contains the 5' UTR of polio ~ virus RNA to translate efficiently in HeLa cell and L-cell extracts but not in reticulocyte lysate, wheat-germ extract, and Xenopus oocyte extract [Pelletier et al. 1988bl .
These findings have also engendered the suggestion that such a restriction of poliovirus translation might contribute in part to the tissue-specific replication of poliovirus .
Translation of poliovirus RNA in a rabbit reticulocyte lysate long has been known to be inefficient (Shih et al. 19781, and a significant proportion of translation initiates in the P3 region located within the 3' one-third of the RNA. The production of proteins from the 3' onethird region of the genome, which is considered to be abnormal or aberrant, could be suppressed in favor of polyprotein synthesis from the 5' end of the message by (Brown et al. 1979; Domer et al. 1984; Phillips and Emmert 1986; Svitkin et al. 1988 ). The p52 identified here is likely to be equivalent to the initiation correcting factor (ICF) that was purified partially from Krebs-2 cells (Svitkin et al. 1988 ). This factor altered the selection of translation sites on poliovirus RNA in a rabbit reticulocyte lysate. It might also be significant that a major band in the ICF preparation is a 54-kD polypeptide that might correspond to the p52 described in this paper (Svitkin et al. 1988) . Because the ICF cofractionated with the eIF-2/eIF-2B complex, it was suggested by the authors that the ICF might be eIF-2/ eIF-2B complex. This is an interesting possibility, in light of the reported ability of eIF-2 to bind and to select the initiator AUGs of mengovirus and satellite tobacco necrosis virus RNAs for translation (Kaempfer et al. 1981; Perez-Bercoff and Kaempfer 1982) . Moreover, the f~-subunit of eIF-2 (-50 kD) has been cloned recently and shown to possess a zinc-finger motif, which is characteristic of several nucleic acid-binding proteins (Donahue et al. 1988; Pathak et al. 1988) . However, the suggestion that eIF-2/eIF-2B is equivalent to ICF is not consistent with the findings that a reticulocyte ribosomal salt wash, rich in eIF-2/eIF-2B complex, and purified eIF-2/ eIF-2B complex by itself, had no ICF activity (Svitkin et al. 1988) . Also, p52 is unlikely to be eIF-2f~, because p52 is present in very low levels in reticulocyte lysate or wheat-germ extract (Fig. 8) , where eIF-2f~ is known to be present. Thus, our results demonstrate that p52 is unlikely to be a component of eIF-2, elF-2B, or eIF-2/eIF-2B complex. Also, p52 is not a protein that binds to an AUG triplet in any RNA since another poliovirus RNA fragment that contained an AUG triplet did not form a similar complex with A(559-624) RNA (Fig. 4B) .
Whether p52 recognizes a specific primary sequence domain, a secondary structure motif, or both, remains to be elucidated, but p52 could function by binding to the poliovirus mRNA template and could assist in the unwinding of local secondary structure by initiation factors eIF-4A and eIF-4B as suggested before (Pelletier and Sonenberg 1988) . This would be a prerequisite for internal ribosome binding. Alternatively, one or multiple p52 molecules could bind to the mRNA template and transduce a signal for initiation factors and ribosome binding. An RNA component (aside from the mRNA template) is probably not involved in p52 binding because micrococcal nuclease treatment of the HeLa cell S10 extract prior to complex formation had no effect on the mobility or amount of complex formed (K. Meerovitch, unpubl.) . Current studies are aimed at elucidating the mechanism by which p52 'primes' internal ribosome binding.
Internal ribosome binding has been reported to occur on several viral eukaryotic mRNAs other than those of picornaviruses (Herman 1986; Hassin et al. 1986) . It is expected that p52 should function in these cases too. It is also conceivable that the machinery for internal ribosome binding in eukaryotes (including p52) exists for the translation of cellular mRNAs and not just for the benefit of viral mRNAs. Consistent with this notion we found that the level of complex formation is not changed in extracts from poliovirus-infected cells (K. Meerovitch, unpubl.) . Previously, we have raised the possibility that cellular mRNAs that possess very long 5'-noncoding regions, some of which contain several small open reading frames (ORFs), might initiate translation by internal binding of ribosomes without scanning from the 5' end of the message (Pelletier and Sonenberg 1988) . This class of mRNAs consists of proto-oncogenes such as c-abl (Bernards et al. 1987) or c-jun (Ryder and Nathans 1988) , homeo-box genes such as Drosophila Antennapedia (Stroehrer et al. 1986) , and growth factors such as platelet-derived growth factor A chain (Betsholtz et al. 1986 ). Translation of mRNAs that occurs by internal ribosome binding could become prominent in mitosis when the activity of the cap binding protein is reduced (Bonneau and Sonenberg 1987) . If indeed internal initiation is demonstrated to occur on these cellular mRNAs, then p52 might play a key role in the regulation of cellular development and differentiation.
Materials and methods
Oligonucleotide templates
Oligodeoxynucleotide templates for transcription by T7 RNA polymerase were synthesized on an Applied Biosystems DNA Synthesizer, gel-purified, eluted in 0.5 M ammonium acetate overnight at 37~ and desalted by adsorption to a C18 reversephase SepPak mini-column. Annealing of oligodeoxynucleotides was carried out by heating equimolar amounts of the 18-mer T7 primer oligodeoxynucleotide and the template oligodeoxynucleotide (see Fig. 1 ) to 100~ in 0.1 M NaC1 and by slow cooling to room temperature.
In vitro transcription
T7 RNA polymerase was purified according to the procedure of Davanloo et al. {1984) . Transcriptions by T7 RNA polymerase with oligodeoxynucleotide templates were carried out as described (Milligan et al. 1987) , except that the nucleotide concentrations were 1 mM for CTP, UTP, and ATP and 0.2 mM for GTP. The MgC12 concentration was 20 raM, and the DNA templates were used at a final concentration of 0.2 ~M. Transcripts were labeled with [e~-3zP]GTP {3000 Ci/mmole), gel-purified on 8% polyacrylamide-8 M urea gels, eluted, and recovered as described (Grabowski et al. 1984) .
Mobility-shift electrophoresis assay
The mobility-shift electrophoresis assay was essentially as described by Konarska and Sharp (1986) with modifications by P. Sarnow (University of Colorado). Briefly, an S10 cytoplasmic extract (50 ~g protein) of HeLa cells, prepared as described (Lee and Sonenberg 1982) , was preincubated with 1.25 mg/ml of poly[d(I-C)] (Pharmacia) in buffer that contained 5 mM HEPES (pH 7.6), 25 mM KC1, 2 mM MgC12, 3.8% glycerol, 0.02 mM dithiothreitol, and 1.5 mM ATP in a final volume of 10 ~1 at 30~ for 10 rain. GTP was also included at a final concentration of 2 rnM, except where indicated otherwise. For competition experiments, all-Labeled RNAs were included in the preincubation reaction, a2P-Labeled RNA (104 cpm) was added and the mixture was incubated further at 30~ for 10 rain to allow for complex formation. Samples were treated with RNase T1 (5 units, Boehringer-Mannheim) at 37~ for 15 min, except where indicated otherwise. Glycerol was added to a final concentration of 10%, and samples were loaded on a 5% polyacrylamide gel (39:1 acrylamide/bis-acrylamide) containing 5% glycerol, which had been pre-electrophoresed for 30 min at 30 mA. Electrophoresis was carried out at a constant current of 30 mA for 2.5 hr at 4~ in 0.5 x TBE. The gel was dried and exposed to X-ray film (Kodak) with intensifying screens at -70~ Quantitations of complex formation were performed by scanning of X-ray films with an LKB soft laser densitometer.
UV-induced cross-linking
Cross-linking was performed essentially as described by Pelletier and Sonenberg (1985) . Briefly, 5-10 x 104 cpm of 32p-labeled RNA were incubated with 100 ~g of S10 extract as described above, except that treatment with RNase T1 was omitted. Samples were irradiated with UV light from a germicidal lamp (254 nm) at a distance of 2-4 cm for 30 min. Twenty micrograms of RNase A and 20 units of RNase T1 were then added, and the incubation continued at 37~ for 30 min. Samples were analyzed by SDS-PAGE (Laemmli 1970) followed by autoradiography.
Analysis of the proteins complexed to RNA was performed according to a protocol provided by Dr. Mariano Garcia-Blanco (Cancer Research Center, MIT). After electrophoresis, the gel was irradiated with UV light for 30 min, exposed to an X-ray film at 4~ for several hours, and the gel piece that contained the complex cut out. The gel slice was treated with a solution of 1 mg/ml RNase A in 0.5 x TBE at 37~ for 1 hr. The RNase solution was replaced by 2 x SDS sample buffer and incubated further at 37~ for 30 min, and then 65~ for 10 rain. The gel slice then was embedded in the stacking gel of an SDS-polyacrylamide gel and subjected to electrophoresis and autoradiography.
